INTRODUCTION {#SEC1}
============

HIV-1 TAT Interactive Protein (TIP60) is a lysine acetyltransferase that belongs to the MYST ([M]{.ul}oz, [Y]{.ul}bf2/Sas3, [S]{.ul}as2 and [T]{.ul}IP60) family of acetyltransferases and is capable of acetylating both histone and non-histone proteins ([@B1],[@B2]). TIP60 is involved in the DNA damage response. Acetylation of ataxia telangiectasia mutant (ATM) by TIP60 at K3016 activates the downstream signaling cascade to ATM ([@B3]). In addition, TIP60 acetylates p53 and this recruits p53 selectively to the promoters of pro-apoptotic genes such as *BAX* and *PUMA* ([@B4],[@B5]). TIP60 is known to acetylate histones H2 and H4 conventionally, thereby activating transcription through remodeling chromatin state ([@B6]). TIP60 also acts as a coactivator for a variety of transcription factors such as MYC and androgen receptor, being recruited by these factors to either acetylate histones or the factors themselves to activate transcription ([@B7]). However, emerging evidence indicates an unconventional repressive function for this acetyltransferase. In the context of human papillomavirus (HPV)-induced cervical cancer, TIP60 can acetylate histones on the promoter of the viral oncogene, E6, resulting in recruitment of bromodomain-containing protein 4 (BRD4) and repression of gene expression ([@B10]). Adenoviral E1A promoter as well as cellular genes such as *DKC* and *TERT* ([@B10]) are also known to be repressed by TIP60. TIP60 has been characterized to be a bonafide haplo-insufficient tumor suppressor ([@B13]). Consistent with this observation, TIP60 expression is downregulated in various tumor types such as breast and colorectal cancers ([@B13],[@B14]). Reactivation of TIP60 in cervical cancer cell lines is shown to cause a remarkable decrease in tumor formation *in vivo* and colony formation ability *in vitro* ([@B15]), emphasizing the role of TIP60 as a tumor suppressor. However, the precise molecular mechanisms regulated by TIP60 to achieve tumor suppression in different cancers has yet to be characterized. TIP60 nuclear staining is reduced in mammary samples from carcinoma *in situ* as well as in invasive carcinoma ([@B13]), suggesting that TIP60 downregulation is an early event in the tumorigenesis process. The role of TIP60 in the early stages of tumor development has not been identified.

Tumorigenesis is a multi-step process that occurs through a series of mutations in cancer-associated genes which could be oncogenes, tumor suppressor genes or genes in which disruption could result in genomic instability. It also involves heterogeneous populations of cancer stem cells ([@B16],[@B17]). A plausible cause for these mutations are insertional mutation events caused by transposition events. Forty-two percent of the human genome consists of mobile genetic elements, including transposable elements with their two subclasses: retrotransposons and DNA transposons ([@B18],[@B19]). Based on the presence of long terminal repeats (LTRs) flanking their sequences, retrotransposons are further classified into LTR (members of human endogenous retroviruses, HERV) and non-LTR elements (long interspersed nuclear elements, LINE and short interspersed nuclear elements, SINE) ([@B18],[@B20]). The expression of these transposable elements is tightly regulated in a tissue-specific manner by being co-regulated with the tissue type defining host genes ([@B21],[@B22]). The repressive mechanisms that regulate retrotransposon amplification include DNA methylation by enzymes such as DNMT (DNA methyltransferase)1 and to a lesser extent DNMT3a, DNMT3b as well as histone methytransferases such as SETDB1 depending on the stage of development ([@B22]). However, the intricate details remain to be characterized. Detection of endogenous retroviral (ERVs) element intermediates like cytosolic DNA (c-DNA) has been associated with the pathogenesis of autoimmune diseases like Aicardi-Goutières syndrome (AGS) ([@B20]) as well as in different cancers such as melanoma and teratocarcinomas ([@B27],[@B28]). ERVs, when de-repressed by treatment with DNA demethylating agents in colorectal cancer as well as in melanoma, trigger detection by the cytosolic sensors and mimic pathogenic stimuli such as pathogen associated molecular patterns (PAMPs), leading to sensitization to immune therapy ([@B29],[@B30]). However, the stable silencing mechanisms of ERVs in cancer cells remain largely unknown. Retrotransposons replicate via an RNA intermediate, subsequently leading to the production of c-DNA by reverse transcription, and are known to cause double stranded breaks in DNA, leading to mutagenesis and cancer ([@B18],[@B31]). Since the life cycle of retroviral elements involves nucleic acid intermediates, these have the potential to act as ligands for cellular pattern recognition receptors (PRRs) ([@B32]). These cellular receptors equip the cells to deal with invading pathogens and are an integral component of the innate immune system. The cellular PRRs are classified into two categories based on their intracellular localization: cytosolic receptors like RIG-I and MDA-5 for detection of cytosolic RNA (c-RNA) and c-GAS for c-DNA as well as transmembrane PRRs which include the various classes of Toll-like receptors (TLRs) ([@B33]). The signaling through these receptors culminates in the activation of a multitude of transcription factors including the different interferon regulatory factors (IRF) and nuclear factor-κB (NF-κB) which alter the gene expression profile of the cell, inducing pro-inflammatory cytokines as well as interferons, to combat the infection ([@B36]).

Based on TIP60 downregulation in early stages of cancer ([@B13]) and the innate immune gene signature associated with TIP60 depletion in our study, we speculated that TIP60 could be implicated in tumor-associated inflammation by stable silencing of transposable elements. This study has identified a novel mechanism of activation of an interferon response in cancer cells upon downregulation of TIP60. It involves re-activation of specific endogenous retroviral elements, which are recognized by the c-DNA adaptor protein STING, and results in the induction of *IRF7* expression and associated inflammatory response. Mechanistically, TIP60 positively regulates the expression of Histone H3 K9 trimethylating (H3K9me3) enzymes, *SUV39H1* and *SETDB1* and loss of TIP60 also results in a global decrease in H3K9me3. Stable overexpression of TIP60 in colorectal cancer cells reduces the colony formation ability *in vitro* as well as tumor growth *in vivo* and results in repression of the ERV expression, suggesting a strong link between decreased TIP60 expression, ERV reactivation and tumor growth.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture {#SEC2-1}
------------

293T cells (ATCC^®^ CRL-3216^™^), C-33A cells (ATCC^®^ HTB-31^™^), HT-29 (ATCC^®^ HTB-38^™^), SW480 (ATCC^®^ CCL228™) and SW620 (ATCC^®^ CCL-227^™^) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) high glucose (Sigma Cat. No. D-5796), HCT116 cells (ATCC^®^ CCL-247^™^) in RPMI 1640 Media (HyClone Cat. No. SH30027.01) with 10% fetal bovine serum (Sigma Cat. No. F-7524), 1% penicillin streptomycin (Gibco Cat. No. 15140-122) at 37°C and 5% CO~2~. MCF10A cells (ATCC CRL-10317™) were cultured in DMEM/F12 (1:1) media (Gibco, Cat. No. 11330-032) with 5% horse serum (Gibco, Cat. No. 16050-122), 1% penicillin streptomycin (Gibco, Cat. No. 15140-122), 20 ng/ml epithelial growth factor (Peprotech), 0.5 mg/ml hydrocortisone (Sigma, Cat. No. H-0888), 100 ng/ml cholera toxin (Sigma, Cat. No. C-8052) and 10 μg/ml insulin (Sigma Cat. No. I-1882). Stable cell lines used in the study were generated by retroviral infection as described below.

Generation of stable cell lines {#SEC2-2}
-------------------------------

The retrovirus was generated by transfecting 5 × 10^6^ 293T cells with the plasmids (MSCV, MSCV-TIP60 wild-type (TIP60WT) and siRNA-resistant TIP60 wild-type (TIP60\*WT) using Lipofectamine 2000 (Invitrogen, Cat. No. 52887) according to manufacturer\'s protocol. Virus was harvested after 72 h of transfection and was used to infect 2 × 10^6^ HCT116 cells with polybrene (Sigma, Cat. No. 107689) reagent (0.4 mg/ml). After 6 h, media-containing virus was replaced with growth media. After 24 h, puromycin was added in growth media for selection. The cells were selected until the mock transfected cells died and this was continued for an additional 2 weeks for stocks to be made.

siRNA transfection {#SEC2-3}
------------------

A commercially available siRNA targeting TIP60 (siTIP60B) was purchased (Sigma Aldrich, SASI_Hs01_00073301) and used in experiments to reduce the possibility of off-target effects. The sequence of the other customized siRNA used for the rescue experiments is described in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Briefly, one million cells were seeded in a 10-cm plate and were used for transfection along with 15 μl Lipofectamine RNAiMax (Invitrogen, Cat. No. 56532) following the manufacturer\'s protocol. Six hours post transfection, the transfection mixture was replaced with growth medium and the cells were harvested 72 h after transfection for further analysis. All other proteins used in this study were depleted by transiently transfecting siRNA, targeting the open reading frame of these proteins and the sequences used are described in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} ([@B10],[@B37],[@B38]).

RNA isolation {#SEC2-4}
-------------

Cells were harvested and total RNA was isolated using TRIZOL reagent (Life Technologies, Cat. No. 15596-026) according to manufacturer\'s protocol.

Real time PCR (RT-PCR) analysis {#SEC2-5}
-------------------------------

The total RNA was converted into complimentary DNA (cDNA) using iSCRIPT cDNA synthesis kit (Bio-Rad Cat. No. 170-8891). This served as a template for RT-PCR analysis using iTaq Universal SYBR Green Supermix (Bio-Rad Cat. No. 172-5124) on an Applied Biosystems 7500 Fast Real Time PCR system. Results were analyzed and represented as fold change, normalized to *GAPDH*. The primers used are specified in the primer list ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Western blot analysis {#SEC2-6}
---------------------

Proteins were separated on SDS-PAGE gel, transferred onto a nitrocellulose membrane, and detected with primary antibody (in 3% milk in TBST) against α-Actinin (B-12, Santa Cruz, Cat. No. sc-166524, 1:1000), FLAG (Sigma, Cat. No. F7425, 1:1000), IRF-7 (SantaCruz Cat. No. sc-74472, 1:500), BRD4 (Bethyl laboratories, Cat. No. A301-985A100, 1:1000), STING (Cell Signaling Technology, D2P2F, Cat. No. 13647, 1:1000) TIP60 (generated in the lab 1:500), histone H3K9me3 (Cell Signaling, Cat. No. 13969S) and histone H3 (Cell Signaling, Cat. No. 4499S).

Chromatin immunoprecipitation {#SEC2-7}
-----------------------------

ChIP was performed following the protocol as described ([@B10]). Briefly, seventy-two hours after knockdown, cells were cross-linked with 1% formaldehyde for 10 min at room temperature. The cells were lysed using SDS Lysis buffer for ChIP (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8). The lysate was then sonicated for 25 cycles at 30% amplitude (15 s ON and 45 s OFF). The sonicated samples were then diluted in ChIP dilution buffer (0.01% SDS, 1% Triton-X-100, 1.2 mM EDTA, 16.7 mM Tris--HCl pH 8, 167 mM NaCl) and used for the immunoprecipitation with anti-AcH2A.Z (Abcam, Cat.No. Ab 18262), H2A.Z antibodies (Abcam, Cat.No. Ab 4174), anti-BRD4 (Cell Signaling, Cat. No. 13440S) or FLAG-M2 (Sigma-Aldrich A2220) beads. After an over-night incubation with antibody, the bound DNA was washed sequentially with low salt wash buffer (0.1% SDS, 1% Triton X 100, 2 mM EDTA, 20 mM Tris--HCl pH 8, 150 mM NaCl), high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris--HCl pH 8, 500 mM NaCl), LiCl wash buffer (0.25 M LiCl, 1% NP40, 1%deoxycholate, 1 mM EDTA, 10 mM Tris--HCl pH 8) and TE wash buffer (10 mM Tris--HCl pH 8, 1 mM EDTA) to remove non-specific sequences and eluted in the elution buffer (84 mg NaHCO~3~, 1 ml 10% SDS, 9 ml H~2~O). Then the samples were reverse cross-linked using NaCl at 65°C overnight. The eluted DNA was purified and used for qPCR. qPCR was performed as described above using primers described in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

Colony formation assay {#SEC2-8}
----------------------

One thousand five hundred cells per well of HCT116-MSCV or HCT116-TIP60-WT were seeded in a 6-well plate for colony formation assay. Ten days after, they were fixed with 20% Methanol and stained with Crystal Violet. Colonies were quantified using ImageJ software.

Xenograft experiments {#SEC2-9}
---------------------

Six-week-old NOD/SCID mice obtained from Invivos (Singapore) were randomly distributed and HCT116-MSCV or HCT116-TIP60 cells in 100 μl of serum-free RPMI medium at a concentration of 1 × 10^7^ cells/ml supplemented with BD Matrigel matrix (BD Biosciences Cat. No. 354234, Bedford, MA, USA) and were injected subcutaneously into the right or the left flank of the mice. Tumors were examined at indicated times and total tumor volume was recorded. Tumor volume (mm^3^) was calculated using the formula: volume (*V*) = (π/6) width (*W*)(2) × length (*L*). The National University of Singapore Institutional Animal Care and Use Committee has approved the work done in this study in accordance with the National Advisory Committee for Laboratory Animal Research Guidelines (Guidelines on the Care and Use of Animals for Scientific Purposes) in facilities licensed by the Agri-Food and Veterinary Authority of Singapore, the regulatory body of the Singapore Animals and Birds Act.

RNA-Seq analysis {#SEC2-10}
----------------

STAR ([@B39]) was used to map the sequencing reads to the human genome (UCSC hg38) index generated with the gencode annotation (V26). DESeq2 was used to perform the differential expression analysis ([@B40]).

Quantification of repetitive element expression {#SEC2-11}
-----------------------------------------------

Bowtie ([@B41]) was used to align the RNA-seq paired reads to hg38 allowing only unique mapped reads (-m1) and output the multimapping reads to a fastq file with the --max option. The resulting sam with uniquely aligned reads and fastq with multimapped reads were used to quantify repetitive element abundance with RepEnrich ([@B42]) using hg38 RepeatMasker annotation as the reference for the repetitive elements. The resulting fragment count files were normalized by the number of reads aligned in each RNA-seq library, the difference in fragment counts and statistical analysis between repetitive elements in siControl and siTIP60 was calculated using DESeq2.

Statistical analysis {#SEC2-12}
--------------------

All statistical analyses were performed using unpaired two-tailed Student\'s *t-*test. Error bars indicate standard error of mean (SEM) for the indicated number of biological repeats. Significance is represented as \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.

RESULTS {#SEC3}
=======

Depletion of TIP60 shows an inflammatory response gene signature {#SEC3-1}
----------------------------------------------------------------

TIP60 expression levels were found to be reduced in tumors from colorectal cancer patients compared to the adjacent normal tissue, suggesting a plausible link between TIP60 downregulation and tumor progression ([@B14]). Colorectal cancer is characterized by inflammation. As such, inflammatory bowel syndrome greatly increases the risk of colorectal cancer ([@B43]), highlighting the significance of tumor promoting inflammation in early stages of this cancer. Therefore, we questioned if TIP60 plays a role in the inflammation associated with colorectal cancer. Colorectal cancer cell lines, HCT116 were transiently depleted of TIP60 using siRNA and the cells were harvested 72 h post-transfection. In order to characterize the innate immune response upon TIP60 depletion in greater detail, we studied specific gene expression using real time PCR of the various members of the Interferon Regulatory Factors (IRFs) family, the key transcription factors in mediating the innate immune response ([@B44]). Depletion of TIP60 increased the expression of *IRF7* significantly, suggesting a specific role for this transcription factor in mediating the effect of TIP60 (Figure [1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"} and [Supplementary Figure S16A](#sup1){ref-type="supplementary-material"}). HCT116 cell lines that have stable depletion of TIP60 using shRNA also show increased *IRF7* expression ([Supplementary Figure S1A, B](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S17A](#sup1){ref-type="supplementary-material"}). To verify if this increase in IRF7 also occurs in other colorectal cancer cell lines and thus not cell line-specific, we transiently depleted TIP60 in SW620, HT-29 and SW480 cells. Depletion of TIP60 results in an increase in *IRF7* expression at both mRNA ([Supplementary Figure S2A--C](#sup1){ref-type="supplementary-material"}) and protein levels ([Supplementary Figure S2D--F](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S17B--D](#sup1){ref-type="supplementary-material"}). To characterize if this increase is specific to TIP60, we generated a stable cell line that overexpresses wild-type TIP60 (HCT116\*TIP60) but is resistant to siRNA. The stable cell lines were validated by performing transient knockdown of TIP60 using two siRNAs: siTIP60A, which could not deplete the exogenous TIP60 ([@B45]); and siTIP60B, which efficiently depletes both endogenous and exogenous TIP60 (Figure [1C](#F1){ref-type="fig"}--[E](#F1){ref-type="fig"}). In order to ascertain that siTIP60A could deplete endogenous TIP60, we designed PCR primers that amplify the 3′UTR of TIP60 which is not present in the exogenous form (expresses only ORF) ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). We observed that both siTIP60A and siTIP60B could efficiently deplete endogenous TIP60 (Figure [1C](#F1){ref-type="fig"}). Having successfully generated the stable cell line, we proceeded to check the expression of *IRF7*. Depletion of TIP60 using siTIP60A had no effect on *IRF7* expression at either RNA or protein level, but the depletion of TIP60 using siTIP60B showed a robust increase in *IRF7* expression (Figure [1D](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). This suggests that the *IRF7* increase is specific to TIP60. To further investigate whether TIP60-mediated regulation of *IRF7* is conserved across other cancer types, we transiently depleted TIP60 in cervical cancer cells, C33A, as well as in immortalized non-tumorigenic breast epithelial cells, MCF10A and observed an increase in *IRF7* expression ([Supplementary Figure S4A--C](#sup1){ref-type="supplementary-material"}). This is suggestive of a conserved mechanism of action of TIP60 in cell lines of different cancer origin.

![Depletion of TIP60 or BRD4 results in an induction of *IRF7* expression in HCT116 colorectal cancer cell line. (**A**) Depletion of TIP60 in HCT116 colorectal cancer cells using siRNA. Cells were harvested after 72 h and expression of IRF family members was observed. All values are plotted as fold change against *GAPDH*. (**B**) TIP60-depleted cells were harvested and protein lysates resolved using 8% polyacrylamide gel and probed for expression of TIP60 and IRF7 using antibodies to detect endogenous protein levels. (**C**) Detection of endogenous levels of TIP60 by qPCR using specific primers to observe an efficient depletion of TIP60 in siRNA-resistant TIP60-overexpressing HCT116 cells (HCT116-TIP60\*WT). (**D, E**) Depletion of TIP60 using two different siRNA in HCT116-TIP60\*WT cells and monitoring of IRF7 expression at mRNA and protein level using 8 % polyacrylamide gel respectively after 72 h of transfection. Actinin was used as a loading control for all the western blots. (**F**) Depletion of the various members of bromodomain-containing family members, *BRD2, BRD3* and *BRD4* using siRNA and monitoring of *IRF7* expression. (**G**) BRD4 is depleted with siRNA and the cells harvested 72 h post transfection, protein lysates obtained and IRF7 expression analyzed using western blot using 8% polyacrylamide gel. Actin serves as the loading control. (**H, I**) HCT116 cells were treated with 125 nM of JQ1 for 4 h, cells were harvested and analyzed for mRNA and protein expression of IRF7. Protein samples were resolved on 8% polyacrylamide gels. Error bars represent standard error of mean for at least three independent experiments. \*\*\**P* \< 0.001, \*\**P* \< 0.01, \**P* \< 0.05.](gky659fig1){#F1}

TIP60-mediated IRF7 induction involves bromodomain-containing protein 4 (BRD4) {#SEC3-2}
------------------------------------------------------------------------------

Acetylated lysine marks on the histones, catalyzed by acetyltransferases such as TIP60 are read by readers like bromodomain-containing protein 4 (BRD4), which recruit other complexes to either activate or repress gene expression ([@B10],[@B46],[@B47]). To determine if bromodomain-containing proteins are involved in the TIP60-mediated increase of *IRF7*, we transiently depleted *BRD2, BRD3* and *BRD4* in HCT116 cells using siRNA and cells were harvested 72 h post-transfection. We observed an increase in *IRF7* expression upon BRD4 knockdown (Figure [1F](#F1){ref-type="fig"} and [G](#F1){ref-type="fig"}), similar to that observed upon TIP60 depletion. In contrast, transient depletion of *BRD2* and *BRD3* using siRNAs resulted in no significant induction of *IRF7* (Figure [1F](#F1){ref-type="fig"}), suggesting the specific involvement of *BRD4*.

By inhibiting the interaction between the reader and the epigenetic mark, gene expression patterns can be altered with JQ1, a chemical inhibitor of BRD4, identified in the context of MYC-driven tumors ([@B48],[@B49]). JQ1 acts as a competitive inhibitor of bromodomain-containing proteins, with higher affinity to BRD4. We sought to test the effect of JQ1 treatment on *IRF7* expression. Treatment with 125 nM of JQ1 for 4 h induced *IRF7* expression in HCT116 cells (Figure [1H](#F1){ref-type="fig"} and [I](#F1){ref-type="fig"}). Different concentrations and time of treatment with JQ1 were performed before identifying the conditions used in this study ([Supplementary Figure S5A--C](#sup1){ref-type="supplementary-material"}). As with TIP60 depletion, there was no significant change in the other members of IRF family albeit a slight increase in *IRF6* expression (Figure [1H](#F1){ref-type="fig"}). To ascertain that JQ1-induced *IRF7* increase was not cell line-specific, colorectal cancer cell lines SW480, SW620 and HT-29 were also treated with JQ1 for 4 h and expression of *IRF7* tested. Upon JQ1 treatment, *IRF7* expression increased in all three cell lines ([Supplementary Figure S2G--L](#sup1){ref-type="supplementary-material"}), similar to HCT116, suggesting a conserved mechanism in colorectal cancer cells. Another group of small molecule inhibitors of BRD4 are the iBET compounds, which are potent and specific inhibitors of the bromodomains of the BRD family ([@B48]). Similar to JQ1, I-BET 151 and I-BET 762 have also shown anti-tumor activity in pre-clinical studies ([@B50]). I-BET 762 is one of the BET family bromodomain inhibitors which is currently in early Phase I clinical trials ([@B51],[@B52]). On treatment of HCT116 cells with 5 μM of I-BET 762 for 4 h, we observed a significant induction of *IRF7* expression ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}), similar to observations on TIP60 depletion or treatment with JQ1. These findings further support the involvement of BRD4 in *IRF7* induction.

IRF7 induced by TIP60 activates Type 1 Interferon Response {#SEC3-3}
----------------------------------------------------------

IRF7 is not constitutively expressed in most immune cells, and is induced upon stimulation of the innate immune response, showing its tight regulation. Hence the upregulation of *IRF7* observed upon TIP60 depletion and JQ1 treatment was intriguing, and indicates the activation of the innate immune signaling pathways in these cells. To verify if the *IRF7* induced is functional, we studied expression of known downstream targets of *IRF7*. We observed a significant increase in the expression of *IFNβ1, IFNα1, IFNα4* and *TNFα* in HCT116 cells both under conditions of TIP60 depletion as well as upon JQ1 treatment (Figure [2A](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}). To establish that the type 1 interferon response activated upon JQ1 treatment is specific to IRF7, we depleted HCT116 cells of IRF7 transiently and then treated them with JQ1. Upon IRF7 depletion, the induction of *IFNβ1* and *IFNα1* was stunted, highlighting the nodal role played by IRF7 in this response (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}). This suggests that the IRF7 produced is capable of nuclear translocation and inducing the expression of the interferon stimulated genes (ISGs) in these cells.

![Depletion of TIP60 and JQ1 treatment activate an IRF7-dependent type-1 interferon response. (**A--D**) Depletion of TIP60 by siRNA or treatment with 125 nM JQ1 for 4 h resulted in increase of expression of type-1 interferons *IFNβ1, IFNα1, IFNα4* and *TNFα* respectively. (**E, F**) Transient depletion of *IRF7* by siRNA and treatment with 125 nM JQ1 for 4 h prior to harvesting cells to monitor expression of *IFNβ1* and *IFNα1*, the downstream targets of IRF7. Protein samples were resolved on 8% polyacrylamide gels. Error bars represent standard error of mean for three independent experiments. \**P* \< 0.05.](gky659fig2){#F2}

Reactivation of endogenous retroviral elements activates innate immune signaling cascade in TIP60-depleted cells {#SEC3-4}
----------------------------------------------------------------------------------------------------------------

The observation of an interferon response upon TIP60 depletion and JQ1 treatment led us to question the origin and stimulus for this response. It is known that the appearance of dsRNA or DNA in the cytoplasm during infection or tissue damage serves to elicit an immune response ([@B53]). A potential source of nucleic acids in the cell could be replication intermediates of transposon elements. This hypothesis is also supported by papers which described a 'viral-mimicry' state induced by DNA methylation inhibitors, which leads to demethylation and expression of endogenous retroviral (ERV) elements in tumor cells ([@B29],[@B30]). This activates the dsRNA sensing pathways, which invoke an anti-proliferative response in colorectal cancer and also sensitize melanoma cells to anti-CTLA4 immunotherapy ([@B29],[@B30]). To study if any of the known retrotransposon elements were regulated upon TIP60 depletion, we performed RNA-seq of siControl and siTIP60-treated HCT116 cells for biological duplicates. We found a significant number of genes that were differentially expressed between siControl and siTIP60 ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}, [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). The data was also analyzed using the RepEnrich software. Of all the groups of repetitive elements that changed upon TIP60 depletion (Figure [3A](#F3){ref-type="fig"}), the only groups of the elements that increased in expression were those belonging to the class of transposons, more significantly long terminal repeat (LTR) containing transposons. We also identified transposons belonging to different families such ERV L, ERV K and ERV1 to be specifically upregulated upon depletion of TIP60 (Figure [3B](#F3){ref-type="fig"}). Upon a closer look, we observed different elements within these families of transposons to be upregulated upon TIP60 depletion ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}). Similar analysis was also performed on JQ1 treated samples compared to DMSO vehicle control and we observed a specific increase in LTR class of retrotransposons ([Supplementary Figure S8B](#sup1){ref-type="supplementary-material"}). In order to validate the RNA-seq as well as to investigate if any of these specific retroviral elements were induced in our system upon TIP60 depletion and/or JQ1 treatment, we screened a few retrotransposon elements by qPCR. We observed an increased in specific ERV elements such as *MER21C, MLT2B4, ERVL, MER4D* and *HERV W* upon both TIP60 depletion and JQ1 treatment (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}), suggesting that the *IRF7* increase could be mounted by the sensing of these ERV RNA/DNA.

![Differential expression of transposable elements after depletion of TIP60 and JQ1 treatment. HCT116 cells were transiently depleted of TIP60 using siRNA and the RNA isolated for 2 biological replicates was sent for sequencing. The results were analyzed using RepEnrich software. (**A**) Box plots showing the expression differences for control and TIP60-depleted conditions for different transposon classes. Differences in expression are shown as the log 2-fold change between control and TIP60-knockdown conditions (positive values represent higher expression levels in control condition while negative values show higher expression in the knockdown). Only transposable elements with significant differences (FDR 5%) were used for this analysis. Unknown annotation according to repeat masker is the default when the class of transposable elements is missing or unknown. RC refers to rolling circle. Retroposons also belong to LTR family but may not encode a function reverse transcriptase. DNA refers to DNA repeat elements. (**B**) Heat map showing the RNA-seq signal enrichment in repetitive elements with an FDR lower than 5%. Elements and samples are arranged based on the results of hierarchical clustering and the classes they belong to are shown as a color label on row side panel. (**C, D**) qPCR validation of selected retrotransposon elements after depletion of TIP60 and JQ1 treatment respectively. mRNA fold changes are normalized to *GAPDH*. Error bars represent standard error of mean for three independent experiments. \*, *P*\<0.05.](gky659fig3){#F3}

TIP60 depletion triggers an interferon response through cytosolic DNA adaptor STING {#SEC3-5}
-----------------------------------------------------------------------------------

It is known that IRF7 is specifically upregulated in response to signals from TLR7/8/9 on the endosomal membrane which recognize ssRNA, short dsRNA or CpG containing DNA or through cytosolic RNA (c-RNA) recognition sensors RIG-I and MDA5 ([@B36]). A lesser known mechanism of induction of IRF7 is mediated by STING (*TMEM173*), a molecule essential for the innate immune response to c-DNA ([@B54],[@B55]). To identify the PRR that leads to increased *IRF7* expression, we transiently depleted HCT116 cells of MAVS, MDA5, RIG-I (involved in c-RNA sensing pathway), or STING (involved in c-DNA sensing pathway) ([@B33]) and treated them with JQ1. Depletion of the RNA sensors RIG-I and MDA-5 or the adaptor protein MAVS in this pathway did not abrogate the *IRF7* induction observed upon JQ1 treatment ([Supplementary Figure S9A--C](#sup1){ref-type="supplementary-material"}). We observed that only depletion of STING resulted in the decrease in *IRF7* response upon treatment with JQ1, suggesting that STING could be involved in the activation of *IRF7* (Figure [4A](#F4){ref-type="fig"} and [Supplementary Figure S9D](#sup1){ref-type="supplementary-material"}). Depletion of both TIP60 and STING also resulted in a rescue of IRF7 expression to control level, suggesting that STING plays an important role in the TIP60-mediated *IRF7* increase (Figure [4B](#F4){ref-type="fig"}, [Supplementary Figure S9E](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S16B](#sup1){ref-type="supplementary-material"}). The involvement of STING suggests the presence of c-DNA as a stimulus for the induction of IRF7 ([@B35]). In order to test this hypothesis of c-DNA produced by reverse transcription of ERVs upon TIP60 depletion or JQ1 treatment, we treated HCT116 cells with a combination of known reverse transcriptase (RT) inhibitors, Zidovudine (Azt) and Nevirapine (Nev) for 48 h. Four hours prior to harvest, these cells were treated with JQ1 and IRF7 induction was monitored. We observed a rescue of IRF7 expression to control level upon treatment with RT inhibitors (Figure [4C](#F4){ref-type="fig"}), and a similar observation upon TIP60 depletion followed by treatment with RT inhibitors (Figure [4D](#F4){ref-type="fig"} and [Supplementary Figure S16C](#sup1){ref-type="supplementary-material"}). Since there was a rescue of IRF7 expression on treatment with RT inhibitors, we investigated if TIP60 confers any resistance to RT inhibitors treatment. In both MTT assay as well as long term proliferation assay, TIP60-depleted cells show a higher sensitivity to treatment with combination of RT inhibitors as compared to siControl-treated cells (Figure [4E](#F4){ref-type="fig"}--[H](#F4){ref-type="fig"}, [Supplementary Figures S10 and S11](#sup1){ref-type="supplementary-material"}), suggesting the importance and dependence of tumor cells on the aberrantly transcribed ERVs under low levels of TIP60. Similar observation of sensitivity to RT inhibitor combination was also observed in HCT116 cells stably depleted of TIP60 using shRNA ([Supplementary Figure S1C and D](#sup1){ref-type="supplementary-material"}).

![TIP60 induces IRF7 expression through cytosolic DNA sensing by STING. (**A**) Transient knockdown of STING using siRNA and treatment with JQ1 for 4 h prior to harvesting and western blot analysis using 8% polyacrylamide gel to study IRF7 expression. (**B**) Co-depletion of STING and TIP60 using siRNA in HCT116 cells and western blot from samples run on 8% polyacrylamide gel to detect IRF7 expression. (**C**) Treatment of HCT116 cells with 20 μM each of Zidovudine and Nevirapine for 48 h. Cells were either treated with DMSO or JQ1 4 h prior to harvesting and western blot analysis using 8% polyacrylamide gel for IRF7 expression. (**D**) Treatment of HCT116 cells with 20 μM each of Zidovudine and Nevirapine for 48 h after TIP60 depletion by siRNA. Cells were harvested 72 h after knockdown and IRF7 expression was analyzed using 8% polyacrylamide gel. Actinin was used as loading control. (**E, F**) TIP60 was transiently depleted using siRNA. Twenty-four hours after transfection, 1 × 10^4^ HCT116 cells per well in a 96-well plate were seeded in triplicates for MTT assay and 2000 cells for colony formation assay (CFA) either in the presence or absence of RT inhibitors (20 μM each of Nevirapine and Zidovudine). The cell survival was assayed 48 h after treatment with RT inhibitors. For CFA, Cells were stained 11 days after seeding and quantified using Image J software. (F) Representative image of the colonies obtained on staining. Quantification of the average size (**G**) and number (**H**) of colonies using Image J. Error bars reflect SEM for three independent experiments. \*\*\**P* \< 0.001, \*\**P* \< 0.01, \**P* \< 0.05.](gky659fig4){#F4}

TIP60 positively regulates expression of histone methyltransferases (HMTs) {#SEC3-6}
--------------------------------------------------------------------------

Endogenous retroviruses are known to be silenced cooperatively by multiple factors including KAP1, a co-repressor protein, and H3K9 methyltransferases SETDB1 and SUV39H1 ([@B22],[@B23],[@B56],[@B57]). The promoters of these retroviral elements are selectively enriched in Histone variant H3.3 as well as the histone mark H3K9me3, which are essential in maintaining the repressed state of these repetitive elements ([@B22],[@B56]). We hypothesized that TIP60 could regulate the expression of one or more of these factors, thereby affecting global transposon expression in tumor cells. We observed a global decrease in H3K9me3 upon depletion of TIP60 (Figure [5A](#F5){ref-type="fig"} and [Supplementary Figure S16D](#sup1){ref-type="supplementary-material"}), a known repressive mark at the LTRs of transposons, suggesting a misregulation in the expression of histone methylating enzymes. Indeed, upon revisiting our RNA-seq data from HCT116 siControl and siTIP60-treated samples, we observed a significant decrease in expression of these H3K9 trimethylating enzymes - *SUV39H1* and *SETDB1* in TIP60-depleted cells ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). This was also verified by qPCR (Figure [5B](#F5){ref-type="fig"}). Interestingly, treatment with JQ1 also resulted in a decrease in the expression of these enzymes (Figure [5C](#F5){ref-type="fig"}). The global decrease in H3K9me3, could serve to explain the genome-wide increase in transposon expression on depletion of TIP60. To test if this was the case, we depleted SUV39H1 and SETDB1 using siRNA individually and observed an increase in the expression of IRF7 and ERVs consistent with our previous observations upon TIP60 depletion ([Supplementary Figure S12A--E](#sup1){ref-type="supplementary-material"}). Interestingly, upon treatment of the SETDB1 or SUV39H1-depleted cells with RT inhibitors, we observed that SETDB1-depleted cells and cells depleted of both SUV39H1 and SETDB1 were sensitive to RT inhibitors compared to siControl treated cells ([Supplementary Figure S12F and G](#sup1){ref-type="supplementary-material"}). This similarity in response to RT inhibitors between depletion of SETDB1 and SUV39H1 and depletion of TIP60, reiterates the role of these enzymes in mediating the repression of ERVs by TIP60. We next sought to identify how TIP60 regulates the expression of these HMTs. We transiently depleted TIP60 in HCT116-TIP60WT cells, which overexpress FLAG-tagged TIP60 and observed a similar decrease in expression of *SUV39H1* and *SETDB1* ([Supplementary Figure S13A](#sup1){ref-type="supplementary-material"}). We then performed ChIP with anti-FLAG antibody to detect if TIP60 is enriched at the promoters of these genes. We detected a specific enrichment of FLAG-tagged TIP60 at the TSS of these HMTs and a few other genes identified in our RNA-seq data (Figure [5D](#F5){ref-type="fig"}, [Supplementary Figure S13B and C](#sup1){ref-type="supplementary-material"}). BRD4 is also enriched in a TIP60 dependent manner at the proximal regions of *SUV39H1* and *SETDB1* ([Supplementary Figure S13D](#sup1){ref-type="supplementary-material"}). The specificity of BRD4 ChIP was confirmed by performing the same experiment under conditions of BRD4 depletion ([Supplementary Figure S13E](#sup1){ref-type="supplementary-material"}). We also performed ChIP for acetylated H2A.Z (AcH2A.Z), a mark associated with actively transcribed regions and a newly identified histone substrate of TIP60 (Zhang *et al.* unpublished). Interestingly, we observe a TIP60 specific enrichment of AcH2A.Z, a mark known to be associated with active chromatin, at the promoters of *SUV39H1*and *SETDB1* (Figure [5E](#F5){ref-type="fig"}).

![TIP60 is a positive regulator of HMTs. (**A**) Depletion of TIP60 by siRNA and western blot analysis using antibodies for endogenous TIP60, H3K9me3 and H3 using a 4--15% precast gradient polyacrylamide gel. (**B, C**) Detection of expression of *SUV39H1* and *SETDB1* by qPCR after depletion of TIP60 and treatment with JQ1 respectively. (**D**) Chromatin immunoprecipitation (ChIP) assay performed with anti-FLAG antibody and (**E**) Representative ChIP for anti-acetyl H2A.Z normalized to H2A.Z, in HCT116-TIP60WT cells. For the histone ChIP, error bars represent SEM of technical replicates. Regions proximal to TSS show enrichment of signal compared to the distal regions. (**F**) SETDB1 was transiently overexpressed in HCT116 cells. Twenty-four hours post plasmid transfection, the cells were transiently depleted of TIP60 using siRNA. Cells were harvested 48 h later and lysates were processed for western blotting using 4--15% precast gradient polyacrylamide gels. (**G**) qPCR for ERVs following overexpression of SETDB1 and TIP60 depletion. Error bars represent SEM for at least three independent biological replicates. \*\*\**P* \< 0.001, \*\**P* \< 0.01, \**P* \< 0.05.](gky659fig5){#F5}

To establish the critical role played by SETDB1 and SUV39H1 in TIP60-mediated ERV repression, we questioned if overexpression of either of these two HMTs could rescue the IRF7 increase and ERV de-repression observed upon TIP60 depletion. We transiently transfected plasmids for overexpression FLAG-tagged SETDB1 (pLKO-SETDB1) ([@B37]) or SUV39H1 (LPCX-SUV39H1) into HCT116 cells. Twenty-four hours after plasmid transfection, we performed transient depletion of TIP60 using siRNA. Forty-eight hours later, the cells were harvested and analyzed for protein and mRNA expression. We observe that overexpression of either SUV39H1 or SETDB1 can indeed rescue the increase in IRF7 expression upon TIP60 depletion to control levels as well as restore the global H3K9me3 levels (Figure [5F](#F5){ref-type="fig"}, [Supplementary Figures S14A, S16E and S17E](#sup1){ref-type="supplementary-material"}). Depletion of TIP60 results in an increase in ERV transcription, consistent with our previous findings. Overexpression of SETDB1 is sufficient to repress the ERV induction upon TIP60 depletion. This suggests that TIP60 represses ERVs through SETDB1 (Figure [5G](#F5){ref-type="fig"}). We do observe a marginal reduction even in SETDB1 overexpression upon TIP60 depletion, suggesting that there could be an additional layer of post-transcriptional regulation, which remains to be studied. Although, we do not see changes in ERV expression pattern upon SUV39H1 overexpression ([Supplementary Figure S14B](#sup1){ref-type="supplementary-material"}), we do see a rescue in both IRF7 expression and H3K9me3 level, suggesting it could also play a role in TIP60-mediated global repression of ERVs. It has been documented in mouse models that SETDB1 and SUV39H1 target distinct groups of transposons for repression and we speculate this could be conserved in humans as well ([@B23],[@B57]).

Restoration of TIP60 represses ERVs and inhibits tumor growth {#SEC3-7}
-------------------------------------------------------------

HCT116 cells which stably overexpress wild-type TIP60 were generated. Stable overexpression of TIP60 in HCT116 cells resulted in the repression of these ERV elements, implicating the role of TIP60 in the stable silencing of ERVs (Figure [6A](#F6){ref-type="fig"}, [B](#F6){ref-type="fig"} and [Supplementary Figure S16F](#sup1){ref-type="supplementary-material"}). In order to study if TIP60 overexpression could impede the growth of these tumorigenic cells, we performed colony formation assay. We observed a decrease in the growth of cells overexpressing TIP60, highlighting the tumor suppressive role of TIP60 in colorectal cancer (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). We were curious to know if a similar phenotype could be observed in an *in vivo* system and hence subcutaneously injected NOD/SCID mice with one million cells of HCT116-MSCV and HCT116-TIP60 in the left and right flank respectively. The tumors were allowed to grow and the volume was measured at 7-day intervals until the end of the experiment at 21 days. We observed a significant reduction in growth upon overexpression of TIP60 in this model in the mice. The mice where the tumors grow more than 150 mm^3^ in volume in the HCT116-MSCV were used to calculate the differences in tumor size and we observed a significant decrease in tumor size at day 21 in tumors that overexpress TIP60 compared to MSCV vector injected tumors (Figure [6E](#F6){ref-type="fig"}). We wanted to test if the tumors which show a reduced size upon TIP60 overexpression (Figure [6F](#F6){ref-type="fig"} and [G](#F6){ref-type="fig"}) do indeed express TIP60. For this, the tumors were lysed and analyzed by western blot. We could detect expression of FLAG-tagged TIP60 in HCT116-TIP60 injected tumors and not in the HCT116-MSCV injected tumors (Figure [6H](#F6){ref-type="fig"}). This data shows that overexpression of TIP60 reduces tumorigenic ability *in vitro* and *in vivo* and that reactivation of ERVs could provide growth advantage to tumorigenic cells (Figure [7](#F7){ref-type="fig"}).

![Overexpression of TIP60 represses ERVs and inhibits tumor growth. (**A, B**) Expression of ERVs and TIP60 in HCT116 cells overexpressing wild-type TIP60 using qPCR and 8% polyacrylamide gel to check protein expression. (**C, D**) Fifteen hundred cells were seeded for colony formation. Colonies were fixed with 20% methanol and stained with crystal violet, 11 days after seeding. Quantification of number of colonies performed using Image J software. Error bars represent standard error of mean of at least three independent experiments., \*\**P* \< 0.01, \**P* \< 0.05. (**E**) Tumor growth monitored in 12 mice over a period of 21 days. (**F**) Representative image of mouse injected subcutaneously with HCT116-MSCV on the left flank and HCT116-TIP60 on the right flank. (**G**) Image showing difference in tumor size between HCT116-MSCV and HCT116-TIP60 cells. (**H**) Harvested tumors were tested for expression of Flag-tagged TIP60.](gky659fig6){#F6}

![TIP60-mediated ERV repression in colorectal cancer. Schematic representation of the dynamic interaction between TIP60 and BRD4 to silence transposons failing which leads to the activation of STING-mediated IRF7 increase and type 1 interferon production.](gky659fig7){#F7}

DISCUSSION {#SEC4}
==========

Genomic instability and mutation as well as tumor promoting inflammation are now recognized as two of the enabling characteristics of tumorigenesis ([@B58]). The knowledge of their regulation and their source in the tumor cells are largely unexplored. We have identified TIP60, a tumor suppressor, to be involved in suppressing both enabling characteristics, thereby providing a mechanistic reason for the widespread downregulation of TIP60 in different types of tumors.

An increasing body of evidence highlights the link between chronic inflammation and tumorigenesis. Bacterial or viral infection-mediated inflammatory processes can potentially accelerate tumorigenesis, as suggested by the strong association between Crohn\'s disease or chronic ulcerative colitis and colorectal cancer ([@B43]); *Helicobacter pylori* infection and gastric cancer ([@B59]); human papillomavirus infection and cervical cancer; Hepatitis B and C virus infection and liver cancer; and chronic bronchitis and lung cancer ([@B60],[@B61]). Toll-like receptors (TLRs) play an important role in the innate immune system as responders to invading pathogens. Activation of TLRs by their specific ligands activate the signaling cascade downstream, which leads to transcription of Interferon Regulatory Factors (IRFs) and induction of an inflammatory response ([@B34],[@B44]). Many cancers of epithelial origin have been identified to possess these TLRs, indicating a potential tumor supportive function ([@B62],[@B63]). For instance, activation of signaling through TLR9 in prostate cancer increases their metastatic ability and the expression of TLR9 is correlated with poor prognosis ([@B64],[@B65]). TIP60 depletion leads to an increase in inflammatory response in cancer cells (Figure [1](#F1){ref-type="fig"}), thereby providing a molecular mechanism for TIP60 as a tumor suppressor. Since the level of TIP60 protein could be different across the different cancer cell lines, even small changes in TIP60 level could still result in induction of IRF7 expression as we observe in the case of SW620 and HT-29 cells.

Depletion of TIP60 in colorectal cancer cells is also associated with a genome-wide de-repression of ERVs (Figure [3](#F3){ref-type="fig"}). JQ1 treatment and BRD4 depletion also mimic TIP60 depletion, suggesting that BRD4 could be 'reading' the acetyl marks put by TIP60 on chromatin. Although we show regulation of HMTs to be critical in mediating TIP60's repressive effect on ERVs, it could also be possible that in addition, TIP60 could recognize and be recruited to the promoter/LTR sequences of transposon elements genome-wide and thus regulate their expression at two levels.

TIP60 is known to be recruited to chromatin through its chromo-domain, which upon recognition of H3K9me3 brings TIP60 to chromatin and activates its acetyltransferase activity ([@B66]). Identifying TIP60 to regulate global H3K9me3 levels, adds an interesting feedforward regulation to this dynamic interaction. Intriguingly, promoters of endogenous retroviral elements are marked by enrichment of H3K9me3 ([@B22],[@B23]), leading us to hypothesize that TIP60 could be selectively recruited to these promoters by this histone mark and may have a role to play here. As a preliminary study, we performed ChIP for FLAG-tagged TIP60 and looked for its occupancy at potential LTR regions of the ERVs where we observe changes in expression upon TIP60 depletion. We do see an enriched occupancy of TIP60 at a few potential LTRs ([Supplementary Figure S15](#sup1){ref-type="supplementary-material"}), which needs to be further investigated to understand if TIP60 has a role to play at LTRs. Endogenous retroviruses are known to be silenced cooperatively by multiple factors ([@B22],[@B57]). Although we observe that overexpression of SUV39H1 is sufficient to ablate the IRF7 induction upon TIP60 depletion, the ERVs tested by qPCR still show increased transcription. This suggests that SUV39H1 may regulate a separate category of transposons upon TIP60 depletion, whose reactivation also contributes to IRF7 induction. Alternatively, SUV39H1 could also regulate any of the intermediary steps in reverse transcription of ERVs, detection of c-DNA and signaling through STING, resulting in increased IRF7. These remain interesting directions for future studies.

The sensitivity observed upon TIP60 depletion to RT inhibitors has immense therapeutic potential. Colorectal tumors with low TIP60 can be analyzed for the expression of retroviral elements signature and can be treated with RT inhibitor drugs to effectively modulate the tumor growth and tumor immune response.

In conclusion, this study has identified a previously uncharacterized tumor suppressive function of TIP60 which involves repression of endogenous retroviral elements in colorectal cancer cells by reducing global H3K9me3 through reduction of expression of SUV39H1, and SETDB1 (Figure [7](#F7){ref-type="fig"}). Downregulation of TIP60 in different tumors results in re-activation of these elements, which are detected by the cellular innate immune system and trigger an interferon response. The induction of *IRF7* further activates the type I interferon response production of inflammatory cytokines and chemokines.
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